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On  the  basis  of  a  new  theory  of  acid  dissociation,  an  equation  has  been 
worked  out  which  characterizes  the  dependency  of  acid  strength  on  the  physical 
and  chemical  properties  of  the  solvents.  The  derived  equation  makee  it  poss¬ 
ible,  on  the  basis  of  independent  data,  to  evaluate  quantitatively  the  influ¬ 
ence  of  solvents  on  the  strength  of  acids  and  to  estimate  the  magnitude  of  the 
differentiated  action  of  solvents  on  acid  strength. 

Kqullibri\im  Constants  and  Acid  Strength  in  Solution 

Ao  was  shown  by  us  in  a  number  of  works  [l]  ,  acid  dissociation  into  ions  in 
solution  deoends  on  a  number  of  oonjugated  equilibria.  It  can  be  imagined 
that  initially  there  takes  place  a  reaction  between  the  acid  and  the  solvent 
with  the  formation  of  addition  compounds  of  different  composition  and  differ¬ 
ent  polarity  {2-4] 

HA  +  nM  HAMn. 

The  compound  HAMa.  as  a  result  of  eu tec quant  solvation,  dissociates  with  the 
formation  of  solvated  ions: 

HAMfl  +  mM  MH*  x  +  AgoX* 

The  ions  formed  in  solvents  with  a  low  dielectric  constant  interact  between 
themselves  with  the  formation  of  ion  pairs  (4,  £)  ‘ 

MRsol*^'  *sol  ^  ®eol^«ol» 

The  relationship  between  concentrations  (activities)  of  products  of  these 
reactions  HA,  HAMq.  MHg0x,  Ajj*0q,  MHjkx.  A»ol  defends  on  the  orooerties  of  HA 
and  M;  that  is,  on  the  properties  of  the  acid  and  the  solvent,  and  also  on 
their  concentrations. 

In  many  cases,  the  process  of  acid  association  is  accompanied  by  a  change 
in  the  ratio  of  acid  and  solvent,  i.e. ,  accompanied  by  the  reactions: 

(HA),  efaA, 

Mt^Mt_i+  M. 

However,  the  effeot  of  these  equilibria  on  the  acid  strength  is  appreciable 
only  in  concentrated  solutions.  In  dilute  solutions,  in  which  the  thermody¬ 
namic  constants  are  known,  the  next  to  last  reaction  (ion  pairing)  goes  on  up 
to  infinite  dilution,  but  the  last  reaction  (dimerization  or  association) 
practically  doesn't  get  started.  Tor  example,  in  very  concentrated  aqueous 


1 


solutions  ths  molecules  of  nitric  acid  are  associated;  with  the  addition  of 
water  the  associates  are  replaced  by  the  products  of  the  interaction  of  nitric 
acid  and  water  with  the  composition  UNO-  •  [.43  and  HNCU  •  3%°  [bj  * 

simultaneously  the  degree  of  association  of  water  changes.  Wiring  subsequent 
dilution  these  products  dissociate  into  solvated  ions.  If  during  this  process 
the  dielectric  constant  of  the  solution  is  not  great,  then  this  takes  the  plaoe 
of  a  solvent  such  as  dioxane  in  the  mixture,  and  the  ions  of  nitric  acid  form 
"ion  molecules"  or  ion  oalrs. 


The  eauilibrium  constants  in  the  above  diluted  reactions  may  be  expressed 
as  follows:  the  aonstant  of  the  first  reaction  -  instability  constant 


'  Ihsfeb 


H4M, 


The  index  *  over  a  shows  that  the  activities  are  relative  to  the  infinitely 
dilute  solution  of  HA  in  the  solvent  M;  the  value  -  the  number  of  solvent 
moles  -  is  introduced  into  the  constant  as  a  constant  value  in  the  diluted 
solution,  for  the  second  equilibrium  constant,  aleo  considering  the  constancy 
of  the  value  a^  ,  we  will  express  the  following  eauation: 


K-r  - 

JiS 


* 


H/m 


and  finally,  for  the  third  equilibrium  constant  we  will  out  down 


= 


a*  + 


The  acid  dissociation  constant  is  determined  by  the  usual  methods  from 
data  on  electrical  conductivity  or  from  data  on  cell  potentials  with  and  with¬ 
out  transference  that  is,  with  the  help  of  methods  which  evaluate 

directly  the  activity  of  the  ions  and  determine  the  activity  of  the  remaining 
substances  ( which  do  not  take  part  in  the  transfer  of  ions  and  do  not  determine 
the  potentials  of  ths  electrodes)  based  on  difference;  it  presents  the 
relations  hip  t  .  4. 


K«,  = 


1 


^  4- 


CL* 

hcnd»ssc>c  la'fej  Si>bs~tanc<? 


in  which  the  value  a  of  the  nondissociated  stibstance  is  determined  by  the  sum 
of  ths  activities  of  the  free  acid  molecules,  the  activity  of  the  products  of 
combination,  and  the  activity  of  the  ion  pairs,  that  is 
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-ir 


#  it 

AHA  ^  *  HAM 


Such  an  addition  is  based  on  the  fact  that  in  the  diluted  solutions  to  which 
the  thermodynamic  constants  refer,  a*-  c  and  Y'1*-  i  .  Then 


<4) 


Hawing  expressed  in  equation  (4)  the  activities  A'fiA  ,  .  and 

A(*^r  yj over  the  activity  of  the  solvated  ions  with  the  help  of  eauatione 
(ii,¥  and  (3  ) ,  we  get 


i>‘ 


Fron  the  eauation  it  follows  that  the  inverse  value  of  the  cosnon  dis¬ 
sociation  constant  (association  constant)  is  the  sun  of  the  Invariant  values 
characterizing  the  conversion  of  ions  in  the  nondissociated  molecules  HA  and 
HAMn  and  in  the  ion  pairs  MHsolAsol;  consequently  it  is  an  invariant  value. 

In  a  number  of  particular  oases,  the  equation  (5)  is  simplified  and  used 
in  that  form. 


In  solvents  with  a  high  dielectric  constant  (more  than  20)  there  is  a  lack 
of  ion  association  and  K  (K*n  ♦  ia  media  with  a  very  low  dielectric 

««*«*  K„;*  ,  Km  “ 


constant  K 


~  x«. 
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1/  ■■■!  — 

It  in  usually  erroneously  assumed  that  acids  become  strong,  when, 

-  (pK*  -Ar/»i»o),Tn  realitv,  acids  just  like  any  other  electrolytes,  become 
strong  when  -  O  .  and  =  OO  »  that  is,  when  in  the  solution  there  is  a 

lack  of  molecules  (k  -1  ..  ,  and  ion  associates  -  o)  • 

'  ‘■Uu~  ' 

Derivation  of  the  Basic  Squat  ion  for  the  Dependency  of  Acid  Strength  on  the 
Properties  of  the  Solvents 

Vie  will  look  at  the  influence  of  solvents  with  a  comparatively  high  dielec¬ 
tric  constant,  in  which  there  is  no  association  of  ions  d>)  •  In  thiB  case 


+  1 


Ve  vi 11  examine  first  the  influence  of  the  solvent  on  the  valae  of  the 


dissociation  constant 


«<!;„  = 


Jr  j y 

+  O'  ~ . 
/iScf 


For  this  we  will  put  down  the  reaction  constant  H/\  »  taking-  olace 

in  a  medium  with  an  infinitely  high  dielectric  constant  and  chemically  not 
reacting  with  the  substance  HA •  The  reaction  constant,  expressed  in  activity 
units  (see  below),  and  relative  to  this  standard  medium 

K  =  -V**-  ,  <« 

<L-  a ..  .  y 


has  the  significance  of  the  intrinsic  acidity  constant  of  the  substance  and 
characterizes  the  ability  of  the  substance  HA  to  liberate  its  proton  regardless 
of  the  medium. 


The  relationship  between  this  constant  and  the  dissociation  aonstant 
K-Jms  i«  established  by  exchanging  the  unit  aotivity  *  with  the  product  of 
the  activities  a,* ,  relative  to  the  infinitely  diluted  solution  in  the  given 
medium  as  well  as  to  the  standard  medium  in  the  activity  coefficients y**  , 
that  is  the  product  of  aS'y1*3  *  the®  ° 


'**Z\ 


a* 

As,/ 


‘HAfA, 


oo  ,  _  <w  _ 

T0  nHsci  Tc 

■V.  00 

T  o  HfifA 
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In  eauation  (8)  there  is  no  other  relatioaehip  of  the  activity  kvthan 
Gonsenuently, 
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(9) 
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^  0  HA 
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The  common  neutral  activity  coefficients  «  p  ,  in  contrast  to  the  urual 
concentration  activity  coeff iciento  y'*  ,  characterise  the  energy  changes  of 
ions  not  in  connection  with  a  change  in  their  concentration  hut  in  connection 
with  a  change  of  the  solvent.  They  are  coefficients  of  transition  from  the 
usual  activities  relative  to  the  infinitely  dilute  solution,  as  well  as 

to  the  standard,  and  to  the  activities  eu  ,  which  are  relative  to  a  common 
standard  condition,  that  is  a. s  u.*yZ°  .  The  superscript  denotes 
a  selected  standard  medium  (the  dielectric  constant  equals  co  );  the  subscript 
0  shows  that  the  activity  coefficients  T^°  are  proportional  to  the  concen¬ 
tration  activities  d* .  from  this,  it  follows  that  all  the  constants  considered 
here  are  thermodynamic  constants. 


Tn  order  to  solve  equation  (9)»  we  analyse  the  significance  of  the  value  of 
/nYlf’for  the  ions  and  molecules. 


The  activity  coefficients  ,  just  as  any  other  activity  coefficients, 

are  determined  hy  the  prooess  of  transferring  the  substances  (molecules  or  ions) 
from  the  standard  medium  with  an  Infinitely  high  dielectric  constant  Into  the 
given  medium,  that  Is  a., 

kTl»r?  =  kT /h  — £  »  A.  J 

A‘  *  ^ 

and  consequently  (the  process  A ;  relates  to  one  molecule  or  to 

one  ion).  ° 

According  to  Born  [6jf  the  change  of  the  potential  energy  of  the  Ion,  when 
it  is  transferred  into  the  medium  k)  with  a  dielectric  constant  D  ,  is  expressed 
thus :  -  „  j 

ft  =  *21. 

'b  ZDy. 


However.  our  subsequent  research  showed  [6- 8}  that  the  activity  coefficients 
Y*o  ar*  determined,  not  only  by  the  energy  chanme  of  the  ions  in  connection  with 
the  change  of  the  dielectric  constant  D  ,  but  also  with  the  energy  change  of  ions 
in  connection  with  the  solvation  of  the  ions  with  the  dipole  molecules  of  the 
solvents,  that  is^also,  of  the  value  ASci  which  depends  on  the  dipole  moment 
and  the  structure  of  the  molecules  in  the  solvent.  In  this  manner,  the  energy 
change  of  an  anion  when  it  is  transferred  from  a  standard  medium  to  the  given 
medium  M  is  determined  by  tha  sum  of  Aa  1~Asrl  and 


\  +  '’Li 

kT 


e*Z* 

A  t>k T\r  kT 


(10) 


5. 


Tn  determining  the  activity  coefficient  Y p  of  the  proton  I  ion  1“  Aie/  ), 
it  ia  nece9aarv  to  consider  that  a  chemical  reaction  takes  place  between  the 
proton  and  the  molecules  of  the  solvent  with  the  formation  of  an  ^  ion 
accord Ing  to  the  reaction  M  H  f  .  The  fMit  ion,  in  its  turn,  is 

solvated  by  the  solvent;  therefore  the  energy  change  of  the  proton  when  it  is 
transferred  from  the  medium  with  the  infinitely  great  dielectric  constant  I? 
to  the  given  medium  is  determined  not  only  by  the  sum  of  the  process  nnfn£ej  , 
but  also  by  the  chemical  process  Ay  of  adding  the  proton  to  the  molecules  M  » 

'tot  **  ‘  ’  „  />*  <-  A„  f  *ul 


The  stun  of  the  operations  /?h t  Aicj  is  expressed  just  the  same  for  the  anion 
ft-  ,  that  Is 

4.^.1  =  - -  mh  r  • 

«  *',riL4  t- 


The  energy  of  the  chemical  reaction  will  be  determined  by  the  maximum  work" 
involved  in  the  reaction  j-f  ^  f-  [V\  ^  /VI  (>|  + 


in  which  K  ,  s-  represents  the  acidity  constant  of  the  lyonium  ions 

*(*0  *  a,  H* 

of  the  solvent  and  characterises  the  stability  with  which  the  proton  lyonium  ion 
AlH+  is  held  in  the  standard  medium.  As  the  activity  coefficients  are  related 
to  the  operation  of  transforming  the  proton  Into  a  lyonium  ion,  at  their 
numerically  equal  concentrations  (activities  )(H  ^and  MH  v  equation 
for  Ay  takefl  form: 

Ay  ~  h  T~  lh  k  ^  1~  !h  b-  M  j 


and  the  value  in  y 


is  determined  by  the  expression 


IhYf, 


p  ~  ,h  ^tAi)  ,h%+  jp/,r,Mut  + 


4sc/MH+. 

*<*/ 


The  activity  coefficients  of  the  uncharged  addition  compound  HAMh  mav  be 
exoresned  by  ^HA  aad  determined  bv  the  operation  of  converting  the  sub- 

stance  H  fa  into  the  sublstance  H/1  (!h» st  as  previously  under  the  conditions 

of  a  numerical  equality  of  the  concentrations  HA  and  ) 


in  ns  much  aa 
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k 


K 


J 


Al 


'  c  H/4 m h  M  ^  ,^r3y. 


(12) 


The  sense  of  the  activity  coefficient  'Y" c  Hddi,,  may  also  he  described  in 
the  following  manner.  Assume  that  -  and  -y^00  -r  are  eaual  units^ 

f  h*  n  onnnt^rtu  i  Ql  will  falrn  fVtA  •f  <\r»r.  /Vi  f/  j 


then  equation  (9)  will  take  the  form 

K*..-K 


a.r 


0  HAfl] 


<n 


and  consequently^,  represents  the  coefficient,  which  ehowa  how  the 

canacity  of  the  substance  HAM  „  for  isolating  the  solvated  Droton  is  changed 
in  comparison  with  the  capacity  of  substance  HA  to  isolate  the  croton,  that  isj 
it  shows  th8  change  in  the  intrinsic  acidity  of  substance  H  under  the  influ¬ 
ence  of  solvation,  thus 


By  making  a  logarithmic  equation  (9)  and  substituting  the  value  7" 
we  e-et. 

'•>  *<>■»  ’ 1 ”  Ka- rl”A  *<r  <"  ^fM) i-  <»  °*M  ~ 


CO 

0.1 


'  a. 


a 


*  PkTr 


*<i 


itr 


5  W 

M  "sei 


*&»/  A' 
i >T 


(n) 

in  itj 

(14) 


or 


^ 5  L <+ ''AK*- '» <6o + ** -  £ mi 


and  the  common  dissociation  constant  without  a  calculation  of  Ion  associa¬ 


tion  is  written 

ln  K*b~  A  A  f  L  a.M  -  L 

e*  X\'l  . 

4T  ’ 


r  0  - 


-E 


(16) 


finally,  by  notentiating  and  substituting  the  result  obtained  in  equation  (5) 

*;bW *■.  •  ” 8,t 


■ 


7. 


iHWtfh 


/  m 


K 


K.,Alian 


exp 


ITTv-^  (<T  i+K«w) 
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By  placing  in  equation  (17)  the  expression  for  Ka*r  in  agreement  with 
Bjerum’s  Theory,  we  finally  get 


l< 


g^/ 


+ 


(18) 


A-  ^  /,  ^  £a  - 

where  s  £<?“*%'  *&•  Md  13  whi0h  ^ =  TOT  *>  "  ^T*'  * 

and  with  thi.  V-Ah.  distance  between  lone,  and  ^  ar  the  sum  of  the  ion.* 
radii.  J 

Th.  Bar.ad.no,  of  tba  ni.aool.tlo.  "■>»•*“«  «  »h*  Pr°MrtlM  °f  ““  SolT*”* 

and  the  Add 

Tt  i.  difficult  to  compare  the  equation  that  wa.  brought  out 

_v  ..  i.  <a  lanne.ible  to  determine  experimentally  the  value 
mental  data,  in  a«  much  a.  it  ie^i  t0  mAiym  with  an  infinitely 

».r«  Sno.no.  on  in.  T.loa  of  IndlrUnal  —Kara  la  th.  .,aatl...  (1«  •«« 
(17)  on  the  strength  of  the  adds. 

Influence  of  the  Dielectrio  Constant  of  the  Solvent 

IM  lnflu.no.  of  th.  di.l.otrle  oon.tant  of  th.  .ol,.nt  »•  ^*V  l“ 

oonn.ot Ion  with  th.  ohann.  In  ion  ...oolatlon  and  In  oonnootlon  with  a  ohan*. 

ion  energy. 

Tn  media  with  a  high  dielectric  constant,  the  value  for  the  thermodynamic 
,  .  /)  in  a.  much  as  association  is  negligible  \_9J» 

irany  cai.  t^tafe.  dace  in  aqueous  solution,  (the  dielectric  constant  equal. 

80). 

Strictly  .peaking,  at  infinite  dilution  (to  which  data  the 
constants  refer)  the  association  doesn't  appear  in  any  solvent.  However,  a. 

numerous  research  [loj  and  cur  calculation,  (lljshow.  association  originate,  in 
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solvents  with  a  low  dielectric  constant  even  when  very  strongly  diluted,  which 
must  ha  looked  at  an  natural ed  dilution*. 

A  solvent  with  a  high  basicity  and  a  high  dielectric  constant  <  for  exam¬ 
ple,  hydrazine)  will  change  any,  even  weak,  acids  into  strong  electrolytes. 

The  changing  of  acids  into  true  electrolytes  also  takes  place  in  basic  solvents 
with  a  low  dielectric  constant  (for  example,  In  pyridine).  This  is  evidenced 
by  the  formation  of  salts  with  these  baser,  (for  example,  with  ammonia,  pyridine, 
and  aniline)  and  acids^  and  their  complete  ionization  In  madia  with  a  high 
dialectic  constant  (for  example,  in  water).  However,  in  media  with  <&  low  dielec¬ 
tric  constant,  in  contrast  to  madia  with  a  high  dielectric  constant,  Kg)f  is  not 
eaual  to  zero,  and  this  causes  a  weakening  of  acid  strength  and  the  deviation 
of  the  classical  dissociation  constant  (K^)troa  zero.  The  value  of  the  eon- 
sts-.nt  In  these  solutions  will  be  determined  only  by  a  constant  opposite  to  the 
ion  association  constant. 

In  as  much  as  all  acid*  in  a  given  solvent  have  a  common  cation  •»  a  lyoniosa 
ion  -  the  difference  In  the  Ion  association  of  the  acids  depends  on  the  differ¬ 
ence  in  the  radii  of  their  anions.  In  media  with  a  low  dielectric  constant, 
this  leads  to  a  differentiation  of  acid  strengths. 

These  reasons  cause  a  differentiation  of  salt  strengths  so  considerable 
that  in  differentiated  solvents  -  in  acetone  and  others  -  we  succeeded  In  per¬ 
forming  a  separate  titration  of  a  mixture  of  two  bromides  or  iodides  by  precip¬ 
itation. 

In  order  of  magnitude,  the  v&iues  oi  the  acid  association  constants  enouid 
be  equal  to  the  salt  association  constants.  However,  usually  the  acid  constants 
(in  other  words  the  lyonium  salts)  are  noticeably  lower  than  salts  with  Inor¬ 
ganic  cations  or  salts  of  quaternary  ammonia  bases,  but  closer  to  the  constants 
of  mono-,  di-«  and  tri-  substituted  bases  with  free  hydrogen  aapable  of  forming 
a  hydrogen  bond.  Thus,  in  pyridine  (dielectric  constant  equals  12, 5)  the  pK 
value  of  tetraethylammonium  piorate is  2.9,  of  dlettylaaaonlu  pioratm-iiJW,  and 
of  pyridine  piorate  (a  eolation  of  plorlo  aoid  in  pyridine ) -3.66,  that  Is  of 
the  same  order  as  dlethylammonium  piorate.  This  reduction  of  the  pK  takes  place 
at  the  expense  of  the  formation  of  a  hydrogen  bond  between  the  ions.  The  pK 
values  of  other  strong  acids  in  the  same  solvent  are  not  great  Q 1,  llj  and  are 
strongly  differentiated! 


hydrogen  fluoride  . . . . PK£  6,1 

hydrogen  chloride  . pK  -  5*4 

hydrogen  bromide  . . . . ....... pX  ~  4. 0 

hydrogen  iodide . . .....ol  -  3°  23 

perchloric  acid  . . ,,,»,pK  =  3.12 

tetraethylammonlum  iodide  ............... pK  ~  3.28 

tetraethylainmonium  chlorate  . . ..pK  -  3*16 


Ho  lass  sharp  is  the  difference  between  the  dissociation  constants  of  sub¬ 
stances  (including  acids)  capable  of  hydrogen  bonding  and  those  that,  cannot 
form  them  in  aniline  (  I)  =7.2). 


The  reduction  of  the  dielectric  constant  explains  not  only  the  formation 
of  ion  associations  but  also  the  increase  of  ion  energies  ^  .  This 

4)  D  kT*^ 

leads  to  an  increase  in  the  value  of  the  exponential  term  in  equation  (1?), 
that  is,  to  an  increase  in  and  conseouent.lv  to  a  weakening  of  acid 

strength.  This  weakening  occurs  in  solvents  with  dielectric  constant*  (  I?  is 
greater  than  20)  where  association  still  doesn't  occur.  In  reality,  during 
the  transfer  from  water  to  ethanol,  in  which  the  association  of  ions  of  strong 
electrolytes  in  dilute  solutions  is  still  lacking^  there  is  observed  a  consid¬ 
erable  weakening  of  acid  strengths  [l2j  and  a  considerable  increase  in  the 
activity  coefficients  [6j  , 

The  Effect  of  Molecules  in  the  Solvents  on  the  Solvation  of  Acid  lone 


The  influence  of  the  dielectric  constant  on  the  properties  of  ions  cannot 
be  examined  separately  from  the  effect  of  solvation.  The  ion  energy  depends  on 
both  values,  which  are  introduced  into  the  exponential  member  of  the  equation 
p  C C1  <? *  ,  ) .  The  energy  of  solvation  >L.i  a  negative  sign  in 

1  l  h  *bkTr  *7  J 

relation  to  the  energy  of  the  lone.  Therefore,  the  energy  of  the  ions  grows 
just  an  much  with  a  decrease  in  the  dielectric  constant  as  with  a  decrease  of 
the  energy  of  solvation,  that  is,  the  less  the  value  of  JJ ASef  ,  the  greater 

yr  ,  V  4c  / 

the  energy  of  the  ions.  Consequently  the  value  of  the  exponent  L  *  if\~ 

more  or  lens  determines  the  significance  of  the  value  of  Jj  ^sej  .  On  the  other 
hand,  this  value  drops  with  an  increase  in  solvation  and  dielectric  constant. 

In  the  event  of  a  large  numerical  value  for  £■  ^sci  and  a  high  dielectric  con¬ 
stant,  the  exponent  rapidly  approaches  tero.  and  the  entire  exponential  term 
approaches  unity. 

Probably  a  high  energy  value  of  ion  solvation  by  solvents  containing 
hydroxyl  groups  is  the  reason  that  in  alcohols  the  acid  dissociation  constants 
are  usually  greater  than  in  solvents  with  the  very  same  basicity  and  dielectric 
constant  but  not  containing  hydroxyl  groups  (j7,  llj]  . 

Control  of  the  Natural  Basicity  of  a  Solvent  and  the  Natural  Acidity  of  an 
acld  K*fM)and  Ko. 

Unfortunately,  neither  one  nor  the  other  value  can  be  readily  observed  in 
ae  much  &e  it  is  impossible  to  measure  them  in  media  in  which  a  orotolytic 
equilibrium  is  realiied. 


From  the  preoedlfig  section  it  follows  that  the  values  for  the  natural  acid¬ 
ity  of  the  acid  and  the  solvent  should  determine  the  status  of  the  orotolytic 
equilibrium,  especially  in  media  with  a  high  dielectric  constant  and  a  high 
capability  for  solvation  in  as  much  as  in  this  case,  the  exponential  term  in 
the  equation  (1?)  strives  for  unity  and  ion  association  is  absent.  In  these 


media 


K  - 1  - 

t>(>  s 


K  ,  Jk 


itisfbt 
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Zrora  the  eountiori,  it  follows  that  the  constant  ^L-n^  will  increase  in  connection 
with  an  increase  in  the  natural  acidity  constant  of  the  acid  (that  is,  its 
caoability  to  lose  a  proton),  and  with  a  decrease  in  the  acidity  of  the  solvent 
or  an  increase  of  its  basicity  (that  is,  its  capability  to  add  a  proton).  At 
the  present  t  ime  we  can  not  evaluate  the  significance  of  these  constants  by 
eioerimental  means  but  it  i9  possible  to  successfully  compute  them  theoretically. 
Exoerl mental  evaluation  is  possible  only  relative  to  the  constants  fbr  the  natur¬ 
al  acidity  (  basicity)  of  the  solvents.  We  will  examine  this  method  in  the 
section  devoted  to  the  evaluation  of  the  change  in  acid  strength  during  the 
transfer  from  solvent  to  solvent. 

The  Effect  of  the  Interaction  of  Nondissociated  Acid  Molecules  with  the 
Solvent  ft)  and  A 

The  interaction  of  acids  with  a  solvent  has  been  established  by  numerous 
methods  of  physico-chemical  analysis  and  by  optical  methods.  Our  cryoscopic 
investigations  showed  [zj  that  carboxylic  acids  with  alcohols  (methanol,  etha¬ 
nol,  butanol)  form  compounds  with  a  composition  of  1:2,  and  with  differentiated 
solvents  (acetone £2j  ,  aoetonitri ie.  nitrobenzene  fl 3j  )  1:1;  phenols  with 
alcohols  and  with  different  iated  solvents  i>rm  compounds  with  a  composition  of 
1:1. 


Investigation  of  the  abaorbtion  spectrum  and  the  fluorescence  spectrum  [lkj  , 
and  also  the  Hainan  spectra  £l5]  ,  of  the  products  of  combining  acids  with  sol¬ 
vents  in  benzene  and  in  pure  solvents  showed  their  identity;  thie  indicates  the 
conclusions  about  composition,  made  on  the  basis  of  investigating  benzene  solu¬ 
tions,  being  Justified  also  fcr  pure  solvents. 


The  instability  constants  of  the  products  from  the  combination  of 

acids  with  acetone  Jjzf  ,  acetonitrile,  and  nitrobenzene  •  measured  in 
benzene,  have  aDuroximately  the  value  of  0.5  x  10"-*  for  carboxylic  acids  and 
0.1)  x.  10“2  for  phenols.  The  Instability  constants  for  the  products  of  the 
interaction  of  carboxylic  acids  with  aleohols  in  benzene  have  the  values 
5  x  10"^  an*  for  phenols  with  alcohols,  1  x  10"*. 

from  the  instability  constants,  it  follows  that  -2  and 

In  Pure  nonaquaeous  solvents  with  a  dislsctrio  constant  equal 
to  20,  the  constants  are  probably  greater  than  in  benzene  with  a  dielectric 
constant  eoual  to  2,  which  oan  lead  to  a  considerable  value  for  the  term 

I *  C &  !%$  fat-  ^  -O  ' 

However,  the  formation  of  combination  products  during  the  equivalent  relations 
of  the  acid  and  the  solvent  during  the  physico-chemical  analysis  of  similar 
systems  indicates  completely  the  conversion  of  acid  into  a  solvated  fora  in 
dilute  solutions.  Our  optical  invest igat ions  £l4,  l|]  alee  confirm  this.  Thusj 
in  the  Raman  spectra  of  carboxylic  acids  Q.'Q  in  alcohols  (containing  as  little 
as  10  mole  percent),  there  it  displayed  only  one  frequency  of  tbs  C-P 
group,  approxisiately  the  same  in  all  alcohols  and  homologous  to  the  frequency 
of  the  group  in  the  combination  product  of  the  composition  HAM*  • 


Thus,  in  all  probability,  there  takes  place  in  dilute  aqueous  and  alcohol ic 
solutions  a  complete  transition  of  the  molecules  into  a  solvated  form.  Tn 
this  case,^*  ^  J  and  jh  ^  returns  to  zero. 
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Now  wo  will  discuss  the  influence  of  the  solvent,  in  the  changing  of  the 
intrinsic  acidity,  that  is  we  will  discuss  the  value  A  Our  invest  lotions 
of  the  Haman  spectra  with  acids  £157  ehow  that  in  contrast  to  hydroxyl  contain¬ 
ing  solvents,  in  solvents  not  containing  hydroxyl  groups,  the  C~0  group  is 
characterized  not  tv  one.  but  by  several  frequencies,  different  from  the  fre¬ 
quencies  in  water  and  in  alcohols,  but  ouite  near  for  the  given  acid  in  this 
series  of  solvents. 


There  is  Drecisely  the  same  distribution  of  energy  in  the  fluorescence 
soectra  and  the  absorbtion  spectra  of  salicylic  acid  in  various  alcohols  are 
completely  identical,  but  are  distinguished  from  the  spectra  in  solvents  not 
containing  hydroxyl  grouos.  in  which  they  ere  also  close  [lkj  .  Consequently^ 
in  solvents  of  a  certain  type,  the  acids  of  a  certain  obemioal  grouo  form 
combination  products  not  only  of  the  same  composition  but  of  the  same  struc¬ 
ture  and  close  polarity.  Thus,  for  example,  carboxylic  acids  form  combination 
products  with  a  composition  of  1:2  with  the  following  structure: 


\  *'0 

'on,  ,, 


In  this  compound,  the  capability  of  the  hydrogen  of  the  carboxylic  group  for 
dissociation  depends  also  on  the  dipole  moment  of  the  bond 


which  in  its  turn  depends  on  the  stability  of  this  bond,  and  on  the  dipole  mom¬ 
ent  of  the  combined  molecule.  The  capability  of  this  complex  molecule  for  the 
separation  of  a  lyonium  ion  will  be  sharply  distinguished  from  the  capability 
for  the  separation  of  a  lyonium  ion  by  a  molecule  of  acid,  located  in  a  solvent 
not  capable  of  interacting  with  a  carbonyl  group,  that  is,  on  the  capability 
of  separating  the  lyonium  ion  by  the  molecule 


Consequently,  in  solvents  of  an  identical  nature,  the  change  of  trie  acidity  of 
one  acid  group  should  be  of  one  and  the  same  order,  and  the  value  A  j^w ill  change 
slightly  within  the  limits  of  one  group  of  solvents  and  acids. 


The  greatest  ohanga  In  intrlnslo  acidity  (A  must  be  exoeotsd  In  sol¬ 
vents  interacting  not  only  with  the  acid  proton.  Which  is  the  carrier  of  the 
acid  properties,  but  with  other  of  its  active  groups.  It  is  possible  to  detect 
the  change  of  natural  acidity  under  the  effeot  of  solvents  only  by  a  method 
cf  comparing  the  strength  of  acids  of  various  types  ia  solvents  with  various 
chemical  groups.  By  such  a  comparison,  we  detected  a  differentiated  reaction 
of  the  solvents  on  the  strength  of  the  aoids  fl,  12,  16}  j  which  is  one  of  the 

reasons  for  tho  change  in  intrinsic  acidity. 


12 


It  io  interesting  to  note  that  the  value  in  eauation  'i?)  arises  only 
in  connection  with  the  expression  of  concentration  in  molalities  (  -  the 

number  of  a-ram  molecules  of  solution  in  1000  grams)  with  the  expression  of 
concentration  in  mole  fractions  =  i  . 

From  everything  said,  it  follows  that  during  a  decrease  of  the  dielectric 
constant  of  the  solvent,  its  basicity,  and  its  capability  for  solvating  ions 
and  molecules,  the  strength  of  the  acids  Irons;  on  the  contrary,  with  an  is- 
creasc  of  the  dielectric  constant  and  an  increase  in  the  basicity  and  capa¬ 
bility  for  solvation,  the  strength  of  the  acids  increases.  Within  a  limit, 


Changes  in  Acid  Strength  Under  the  Influence  of  Solvents 


It  is  ooss lble  to  conduct  a  quantitative  evaluation  of  the  correctness  of 
the  exoounded  equation  (17)  by  a  comparison  of  acid  strength  in  different  sol¬ 
vents,  thatie.  by  observing  the  ohange  of  aoid  strength  during  the  transfer 
from  one  solvent,  taken  as  the  standard  one  (ueually  water  le  seleoted  as  such 
a  solvent),  to  any  nonaqueoue  eolrent.  Then  the  ohange  in  add  strength  oan  he 
compared  with  independent  data^  that  Uj  with  single  activity  coefficients  Y\  j 
compared  to  an  aqueous  solution  in  its  oapacity  as  a  standard  state. 


for  accomplishing  suoh  a  ooaparlsoigws  will  empress  the  value  of  add 
strengths  in  oK  values.  Tor  simplicity  vs  will  examine  dissociation  in  solvents 
with  a  relatively  high  dielectric  constsmt,  in  which  there  is  an  absence  of  ion 
association,  that  is,  we  will  examine  the  value  '  .  Accepting  that 
pK1  ,  from  equation  (1(5)  we  ret 
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(19) 


The  difference  of  the  pK  values  in  two  solvents^  for  example  in  the  solvent  A\ 
and  in  water  j  exoreseed 


4- 


(19) 


3.3  hi 


Trom  ecmatlons  (10)  And  (11)  it  follows  that  in  this  equation,  the  «u®  of  the 
first  four  members  represent  the  difference  of  the  average  activity  coefficients 


_  OO  A  ~  lA  LJ  t 

i  o  of  the  ions  and  ■  '  sel  in  a  nonaaueoue  solvent  and  la  water. 

This  difference  represents  none  other  than  the  sun  of  the  logarithms  of  the 
activity  coefficients  V'r.  of  the  acid  ions  in  the  given  solvent  ( tA)  while 
aoproachlng  infinite  dilution^  relative  to  the  infinitely  diluted  aqueous  sol¬ 
ution  as  well  as  to  the  standard 
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Upon  introduction  of  the  average  activity  coefficients  YJ>  of  the  acid 
ions,  the  firet  four  members  in  eauation  (20)  reoreeent  none  other  than 

3,  io$Yc  ■  0  +1)  4K 

usS^hil2h  -  i. 


The  expression 


AK 
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taken  with  an  opposite  sign,  in  its  turn,  represents  the  difference  of  the  act¬ 
ivity  coefficients  of  the  nondlssooiated  molecules  \\A  in  the  solvent 

and  in  eater  •  that  is,  it  represents  the  activity  coefficients  of  the  acid  HA 
in  the  medium  TA ,  relative  to  the  infinitely  dilute  solution  compared  to  the 
standard,  that  is,  .  N 

CK‘^,+1)., 
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Generally  the  expression  (19)  can  be  shortened 

A  pk  ~  —  loTT,  /  9 
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(21) 


(22) 
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The  equnt, ion  (22)  can  also  be  derived  directly  from  an  examination  of  the 
acid  transfer  from  one  solvent  (for  example,  water)  to  another  (nonaqueous) 
solvent  with  the  help  of  common  activity  coefficients  YJ  j  related  to  the 
infinitely  dilute  jtuueous  solution,  compared  to  the  standard. 

In  reality,  the  effect  of  the  solvents  on  a  common  dissociation  constant  can 
be  expressed  by  the  equation 


jv  /  .  L/  ' 
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from  where 


f'V  5  /c?  %‘WI  ■ 


It  is  interesting  to  note  that  the  equation  (19)#  in  its  turn,  can  be  de¬ 
rived  from  eauat.  ion  (2?),  in  as  amch  as  the  terms  for  the  Ions  are  derived 
independently  from  the  investigation  of  the  effect  of  the  solvent  on  the  activ¬ 
ity  of  the  acid  ions,  and  1°£YCsro\  i*  from  the  investigation  of  the 

effect  of  the  solvent  on  the  activity  of  a  nondissooiated  substance. 

In  reality,  from  the  oreeeeding  work*  [6-8^  we,  ft9  a  re8ult  of  theoretical 
considerations,  established  that  )o<ry  of  the  ions  is  determined  by  the 
expression  3  0 


u,r.  “1,0  ,  i  p  / *  ..  i  \  ,  ^AuL , 

*  •“-  *  S  V4  2  kf  ^  6v)4  3.)kT  > 
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in  which  Ky  -  ■  represents  the  constant  of  proton  exchange 

»H*-a  tyto  , 

between  the  lyonlum  ion  and  the  hydronium  ion  M  H  t*f'  N\  » 

measured  in  the  medium  A\  .  We  factored  the  ^f'Y'oic'n  term  into  the 

I  i  ^ 

terms  /ofY^*** »  z  /°$  %  +  x  fcq  — —  .  dependent  only  on  the 

a  M  .  \ 

proton  exhange  reaction,  and  into  the  term  /egy«'~ 

dependent  on  the  eleotroatatlo  interaction  of  the  ions  with  the  solvent.  Under 
the  very  same  conditions  we  worked  out  methods  for  the  experimental  determination 
of  the  values  fo^y^  and  their  separation  into  fogy  bate  and  fagy*/  . 

We  also  showed that  j  i«  determined  by  the  expression: 


Ur  r-hrr^-h^- 


~h 


and  established  methods  of  determining  them. 
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The  equation  (22)  can  aleo  be  derived  directly  from  an  examination  of  the 
acid  transfer  from  one  solvent  (for  example,  water)  to  another  (nonaqueous) 
solvent  with  the  help  of  common  activity  coefficients  K7  j  related  to  the 
infinitely  dilute  auueous  solution,  comDared  to  the  standard. 

In  reality,  the  effect  of  the  solvents  on  a  common  dissociation  constant  can 
be  expressed  by  the  equation 

,.k'  ' 
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from  where 


?Ki  ~  rK'  =  3-  l‘%  -reu„  -  togTer HC|  - 


It  is  interesting  to  note  that  the  equation  (19),  in  its  turn,  can  be  de¬ 
rived  from  eauat. ion  (21),  in  as  ouch  as  the  terms  for  the  ions  are  derived 
indeoendently  from  the  investigation  of  the  effect  of  the  solvent  on  the  activ¬ 
ity  of  the  acid  ions,  and  r0|  is  from  the  investigation  of  the 

effect  of  the  solvent  on  the  activity  of  a  nondiesociated  substance. 

In  reality,  from  the  proceeding  works  [6-8]^  we,  as  a  result  of  theoretical 
considerations,  established  that  Wt  of  the  ions  is  determined  by  the 
expression  °  0 
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in  which  Kv  -  -~sr — j-4-1-  represents  the  constant  of  proton  exchange 

between  the  lyonium  ion  and  the  hydronlum  ion  M  H  -j* 

measured  in  the  medium  At .  We  factored  the  lor  term  into  the 


measured  in  the  medium  At .  We  factored  the  l0f'Y'ofo'ry  term  into  the 

terms  /og-Y0tese~  z.  /o%  —  ,  dependent  only  on  the 

/  /  x~t  t3,  f _ t_  _  _  \ 

proton  exhange  reaction,  and  into  the  term  /egyf*  z  Lj  kly-  I  J ) 


proton  exhange  reaction,  and  into  the  term 


dependent  on  the  electrostatic  interaction  of  the  ions  with  the  solvent.  Under 
the  very  same  conditions  we  worked  out  methods  for  the  experimental  determination 
of  the  values  to^Y^  and  their  separation  into  and  /^T*^  , 


We  also  showed £?J  that  legYoth  j  is  determined  by  the  expression: 
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and  established  methods  of  determining  them. 
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By  substituting  tlto  if'-'  and  ,  values  I n  aqua ( on 

(24),  wo  gel:  the  equation  (2C»j  ’  flm'  ‘ 
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which  is  identical  to  equation  (19) ,  in  that 
In  reality  by  substituting  the  expression  for 


V(m) 
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wo  receive 
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The  experimentally  measured  value  ar  ia  distinguished  from  this  value  in  that 
it  is  not  determined  in  a  medium  with  an  infinitely  large  dielectric  constant, 
but  in  medium  M,  «  During  the  quantitative  evaluation  of  tho  change  in  acid 
strength  under  the  influence  of  the  solvents  over  ‘YJ,  j  this  doesn't  plsy  a  sub¬ 
stantial  role,  in  that  tne  smaii  differences  between  the  values  are  quantita¬ 
tively  compensated  by  the  difference  in  other  members  (V*1  a*/  ,  and 

that  the  sum  of  the  terms  je^y\i<o.e  is  determined  independently. 

Tho  produced  conclusion  opens  the  possibility  of  the  quantitative  checking  of 
equation  (19)  with  the  help  of  data  about  the  values  of  ions  and  mole¬ 
cules.  Tho  term  /«jr  also  enables  the  comparative  acidity  or 

basicity  of  the  solvents  to  be  evaluated. 

Appraisal  of  the  Change  of  Acid  Strength  from  Independent  Data 
(Comparison  of  A.joA  add  /e< ) 

Appraisal  of  the  influence  of  solvents  on  acid  strength  and  on  the  relat¬ 
ionship  in  their  strength  on  the  basis  of  the  &  log  yc  value  of  ions  and 
hsye  of  molecules  which  are  arrived  at  independently  will  be  done  in 

subsequent  works  whore  we  will  also  examine  tho  change  .in  acid  strength  from 

tho  /„£« ,  /eg  A  »  and  AS  ASoj  valuos» 

As  an  example  in  the  present  work,  we  will  examine  only  the  simplest  case 
of  such  a  computation  from  independent  data  where  the  effect  of  the  solvent  on 
the  acid  strength  dopends  mainly  cm  the  energy  change  of  the  lyonium  ion  and 
the  acid  anion. 


Such  a  case,  most  probably  of  all,  will  be  appropriate  for  the  appraisal 
of  the  change  in  one  typo  of  acid  strength  in  a  aeries  of  solvents,  close  in 
structure,  and  especially  in  water-enriched  mixtures  of  a  nnnaqueous  solvent 
with  water.  In  these  solvents  tho  k*tfa{,  values  are  much  smaller  and  are 

value 


closo  to  each  other.  In  connection  with  this,  tho 
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not  groat  in  effect.  Then  inequation  (13)  the  only  significant  members  will 
bo  the  first  four  members,  equal  to  the  logarithm  of  the  single  activity  coef¬ 
ficients,  that  is, 

’  ’  ■*  •  / 


/\  f  i  K  -  j-i  K  / 


t,K  , 

I  H.O 
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M  i  "  "'i 

We  vri.ll  examine  to  what  extent  this  simple  relationship  concurs  with  ex¬ 
perimental  data.  On  the  basis  of  data  about  the  emf  of  cells  of  strong  acids 
without  transference  and  on  the  basis  of  the  density  of  strong  acid  vapors,  we 
established  the  significance  of  the  ! e c  Xc  value  and  showed  that  icj  YJ,  for 
a  number  of  strong  acids  in  any  given  solvent  practically  concurred,  depending, 
according  to  type,  only  on  the  properties  of  the  solvent  £6l»  The  result  of  this 
is  that  in  the  expression 


4  >*S r>  Toft-.  -  i«.rrCHH/el  1-  h y*a i 

^  ^ j  :'fl  a  constant  term  for  any  acid  and  the  /egY ^  values 
for  the  various  simple  anions  are  close  and  considerably  less  than  U<£X>mh  f 


Stemming  from  the  electromotive  force  of  the  cells  for  hydrogen  chloride 
without  transference,  we  found  that  the  value  .(1  yc  has  the  following  values 
in  various  solvents  [6,  7j  :  “ 


mothanol  ,,....,,.,,,,3,82 

ethanol . . . ...5,00 

butanol., . ,..,6,0 


formic  acid . .  8,0 

acetic  acid, ...... ,10,0 

ammonia . 32.0 


As  we  already  said,  the-j*  fegYi  njn  value  depends  slightly  on  the  acid  anion, 
therefore  we  will  compare  the .3  laj-y iiol.  value  for  HC  /  in  alcohol  with  the 

AfK  Talues  of  the  substituted  phenols  JjL2j . 


Table  1. 


Acids 

Solvents 

Mothanol 

Ethanol 

Butanol 

A/'/C 

VAft? 

.d  4-;  rc 

a  pH 

Nitrophenols 

3.97« 

3.82 

5.44 

5.00 

5.49 

5,2 

Dinitrophonols 

3.82 

3.82 

4.19 

5.00 

4.34 

5.2 

Averages 

"5,90 

3^2 

1782 

— 5755 

4.94 

5,2 

?:•  Average  value 


The  comparison  with  the  data,  for  phenols  in  alcohols  is  done  because  the 
greatest  accord  with  experimental  data  will  be  observed  in  solvents  of  the  same 
typo  with  regards  to  tho  acids,  with,  which  they  rpact  only  as  acceptors  of  pro¬ 
tons.  From  the  table  it  follows  that  tho  average  Ap  K  valuo  for  nitrophenols 
is  in  good  agreement  with  the  1  Ac  pp  value  of  hydrochloric ‘acid,  even  though  the 
individual  A  *,  ft  values  are  different  from  tho  $  L-ft'  value  by  almost 

one  pK  unit,  ° 


17. 


iM.giH'i.  1  td,.v;  l: t.i  f'j es  ho  the  fact  that  the  A  f>/<  value  is  determined 
bi  a  considerable  doRVoo  by  the  ji  /«?.'  (b,  l(  ;  ,  value,  Figure  1  depicts  the  relate 

i  on  U'.  l:wnon  the  pK.  value  of  a  number  of  carboatylic  acids  Q.7J  and  phenols 
[2 if  in  aqueous  ethanol  to  ;J_  /ofVole^  °f  hydrogen  chloride.  From  figure  1, 

it  follows  that  the  relation  A  p  K •  ife  }  in  reality  approximates  a 

linear  relation.  Usually  with  solutions  containing  a  small  percentage  of  alco¬ 
hol,  this  relation  deviates  somewhat  from,  rectilinearity  hut  subsequently 
becomes  linear.  The  slop©  is  close  to  45°  t  as  is  to  be  expected  from  theory „ 
For  comparison  on  the  graph,  there  is  a  dotted  straight  line  drawn  far  JJkgri 

It  is  located  in  the  middle.  It  is  interesting  to  note  that  the  points  for  p- 

nitrophonols  fall  on  the  straight  line  for  <3  i«£  Y~()/pn  ;  the  points  for  m- 


nitrophenols  are  located  lower,  and  the  point  for  carboxylic  acids  is  above  the 

straight  line  for  A  To  /„«  ,  The  divergence  be  tween,  the  location  of  the 
straight  lines  for  the  phenols  and  carboxylic  acids  in  ethanol  is  on  the  order 
of  two  pK  units)  between  the  carboxylic  acids,  on  the  order  of  one  pK  unit. 

Such  a  characteristic  relationship  of  the  pK  value  to  J  kq  y  ■  in  mixtures 

a  '  t-  16 


of  aqueous  dioxane  is  depicted  in  figure  2,  The  divergence  between  the  curved 
lines  for  carboxylic  acids  is  also  on  the  order  of  a  pK  unit. 

Figure  3  depicts  the  relationship  ~f(j) ’c-1 Nfnr>  phonolflj  and  for 

aromatic  and  aliphatic  carboxylic  acids  in  alcohols  (deferring  the  average  AfK 
values  [12] j ,  From  this  figure,  it  follows  thatt  1)  the  relation  between  the 
A.  pK  value  and  J  !<*$  y^,  is  linear;  2)  the  A  pK  value  of  the  sub¬ 
stituted  phonols  and  -  are  of  the  same  order;  3)  the  position 


of  the  straight  lines  for  aliphatic  and  aromatic  carboxylic  acids  is  different; 
4)  all  the  straight  lines  do  not  pass  through  the  origan  which  shows  the  various 


effects  on  toe  properties  of  the  acid  molecules,  the  alcohol  and  the  water. 

The  previous  calculations  of  the  ^  ’Y"<0  n>v\  value  of  hydrogen  chloride 

in  acetone  and  its  mixtures  with  water,  which  were  conducted  by  V.V.  Aleksan¬ 
drov,  show  that  even  for  acetone,  the  4  /«£'  value  of  the  acids  determines 

to  a  considerable  degree  the  change  of  acid  strength.  This  follows  from  a 
comparison  of  the  J.  Y~~  ;cis  value  with  the  /s,  ^  K  value. 

From  these  facts  it  follows  that,  just  the  same  as  with  alcohol,  3  y~c  \CA 

Hc  l  are  very  close  to  the  AyK  values  of  nitrophenols ,  considerably  less 

than  the  A  y>  K  values  of  carboxylic  acids,  and  considerably  more  than  the 

h  values  of  dinitrophenols, 

A  comparison  of  the  9  Y0  jail values  of  strong  acids  with  the  ApK  for 

carboxylic  acids  in  various  solvents:  in  a  number  of  alcohols,  in  aqueous 
methanol,  ethanol,  dioxane  and  acetone  and  in  other  solvents, shows  that  the 
deviation  between  them  is  greater  than  for  phenols. 

Table  2. 


Solvent 

9.  loo  ydv.se 

■>  w 

5  le$  rt 

carboxyl 

acid 

Atk* 

ic  nitro¬ 
phenols 

Af«* 

dinitro¬ 

phenols 

50#  acetone 

0.14 

0.8 

0.94 

1.40 

1.00 

0.46 

1.04 

3.28 

4.32 

5.00 

3.61 

2.79 

1,68 

4,4 

6.08 

7.20 

6.44 

4,72 

average  values  are  cited. 


The  deviation  of  As  from  th e9lo^Totoyi  value  of  strong  acids  may  be 
the  result  of  the  difference  of  the  cl  /*<j  y{  value  of  the  acids  investigated 
and  a  considerable  l<-'$Yc  value  for  nondissociated  acid  molecules.  In 

order  to  solve  this  problem  it  is  necessary  to  compare  the  ApK  and  o?  log'X'ic*, 
values  of  the  acids  that  were  investigated  by  themselves.  Determining  the  /e£ Yc;a^ 
values  of  weak  acids  becomes  possible  on  the  ground  that  the/c^y^  values  of 


ions  of  infinitely  dilute  solutions  show,  similarly,  the  mobility  of  ions  at 
infinite  dilution,  with  additive  values. 

The  additivity  of  Y£  allows  us  to  find  the  h<p  of  the  ions  of 

a  weak  acid  HX  based  on  the  equation: 

%  n  * X  *  :J  /oS  r»  HC  i  1-  2  Yc  ~  X,  *  C  /  • 

19. 


Wo  c;i  Icuiatcd  tiio  J/cS  I,;,.  vetoes  of  ,i  sr.rios  ol"  ourbo.sy  I  i c  acids  in 


methanol  and  ethanol  from  the  data  stated  above  with  ref  ermine  1.  o  lee  (t,  of 

hydrogen  chloride  and  to  Yv  of  the  silver  salts  of  these  carboxylic  acids 

and  4^  I  .  Wc  found  the  /»£ Jr  ^  and  <3  /t^  Jr  ^  o  values  from  data  on  the 

solubility  of  these  salts  obtained  by  Kolthoff  and  Lingane  {l$]  with  the  aim  of 
evaluating  tho  effect  of  solvents  on  the  strength  of  acids..  ‘The  clac ulation  was 
Carried  out  according  to  the  formula  jj ,  8j  s 

A* 


,  :  riv<> 

,0%X  '*  H  ~r»~ 

At 


^  h 


r  ^ 
AA  M 


applied  as  in  the  case  of  the  difficultly  soluble  salts  Y'^  and  ■  q  ^  ‘k 

Tho  resulting  values  of  <1  /of 71  for  carboxylic  acids  in  table  3  are  compared 

with  tho  corresponding  A  pk  .  From  the  table,  it  follows  that  tho  dj.fferonce 

between  them  c emprises  2-3  logarithmic  units.  This  means  that  the  change  of 
acid  strength  depends  on  the  ohange  of  energy  of  the  ions  as  well  as  the  mole¬ 
cules. 


Table  3, 


Acid 

Methanol  Ethanol 

A  Yc  tVii 

acid 

a  fk 

An 

acid 

AfK 

Benzoic 

3,22 

mm 

1.98 

4.04 

5,93 

1.89 

■  I'H— 

■amap 

HOI 

Kffifli 

IMT111 

■H 

M-Nitrobonzoic 

Mlrr—i 

2.15 

5.81 

mmimm m 

P-Mitrobenzoic 

■lfr— 

4^96 

~03 

III  ■ 

■KSM 

05 

Salicylic 

2,56 

Emm 

2.36 

3.08 

wmmm 

2.56 

P  icri.c 

1.04 

4.00 

2,96 

HEM 

twiai 

2755 

Tho ,'J  «£ Tt  values  determine  the  change  of  acid  strength  both  in  basic  and 
acidic  solvents.  In  accordance  with  tho  large  negatives' value  -TV  —  l),Y  in 


ammonia,  all,  even  the  weakest  acids  (hydrogen  sulfide),  and  even  neutral  sub¬ 
stances  (urea)  become  equally  strong  acids  with  nK  «  2-3  fjioj ,  Such  a  pK  value 
is  explained  by  the  fact  that  in  ammonia  with  a  dielectric  constant  equal  to  20, 
a  no  Li  enable  association  of  ions  takes  place.  In  accordance  with  the  groat  pos¬ 
itive  value  of  J  Ue'K  •  in  acidic  solvents  rich  in  water,  the  acids  become 

weak.  Thus,  ;u  in  acetic  acid  equals  10,  In  accordance  with  this,  tho 

pK  or  trichloroacetic  acid  in  acetic  acid  becomes  equal  to  31,  64^21/,  The 
increase  comprises  11  pK  units. 

In  this  manner  equations  (3.!))  and  (22)  obtained  theoretically  allow  us  to 
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estimate  quant itatively  the  change  of  acid  strength  during  the  transition 
from  one  solvent  to  another  with  the  help  of.  single  activity  coefficients  Y~c 
of  the  ions  and  molecules,  which  in  turn  may  be  obtained  from  independent  data. 

Comparison  With  Bronsted' s  Quantitative  Theory 

As  it  is  known,  Bronsted’ s  quantitative  theory  [22]  about  the  influence 
of  the  solvents  on  acid  strength  for  uncharged  acids  leads  to  the  expression: 


In  K 


HAM 


=  V  U  75 


A  comparison  of  our  equation  (16)  with  Bronsted’ s  equation  (27)  shows  that 
the  latter  appears  as  a  peculiar  case  of  this  equation.  His  equation  is 
incomplete  moreover  in  that  it  doesn’t  take  into  account  the  effect  of  ion 
association.  The  equation  (16)  brought  out  by  us  differs  from  Bronsted’ s  equa¬ 
tion  by  the  values 

^  A.  1 

'•(XZbi'O  ’  ^r-  ,  and  U  A  Ka  .  The  difference  in  the  mem¬ 

ber  ih  Ci  ^  arises  in  connection  with  the  fact  that  Bronsted’ s  K  is  differ¬ 
ent  from  the  constant  for  the  activity  (concentration)  of  the  solvent 

The  incompleteness  of  Bronsted’ s  equation  appears  not  only  as  a  result  of 
the  incompleteness  of  the  arrangement  applied  by  Bronsted  for  M/)  bM  , 

but  also  as  a  result  of  the  incompleteness  of  the  significance  of  the  activity 
coefficients  for  the  ions  which  Bronsted  used,  and  also  by  the  fact  that  he 
didn’t  calculate  the  activity  change  of  the  nondissociated  a cid  molecules  under 
the  influence  of  the  solvent. 

From  his  equation,  Bronsted  made  the  conclusion  that  the  logarithms  for  the 
constants  of  acids  of  the  same  charge  type  should  be  linear  inversely  relative  to 
the  value  of  the  dielectric  constant. 

In  reality  it  follows  from  (27)  that  the  relative  constant  Ai./  is  expressed 

1 _  j  1 _ _  _ • _  ’  * 


by  the  equation 
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~HACM_ 

H4X*V 
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in  as  much  as  the  ratio  of  the  constants  is  fixed. 

As  we  showed,  experimental  data  do  not  always  confirm  this  relationship 
It  can  also  be  shown  that  this  equation  is  a  peculiar  case  of  a  more  general 
expression: 
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which  evolves  from  equation  (16).  This  equation  differs  from  equation  (28) 
in  the  last  three  terms,  whereupon  the  term  /} Sci a  -  A  sd*-  shows 

"*  X  J.i  kt 4  ~ 

the  different  effect  of  the  solvent  dipoles  on,  properties  of  the  acid  anions, 
and  the  last  two  t  erms  -  the  effect  of  the  solvent  on  the  properties  of  the 
nondissociated  acid  molecules.  The  equation  shows  that  in  a  general  situation 
in  accordance  with  the  experiment,  the  pKr  value  does  not  appear  as  a  linear 
function  of  l/D. 

Only  in  those  cases,  when  the  influence  of  the  solvents  on  the  nondissoci- 
ted  molecules  is  equal  and  the  energy  of  ion  solvation  is  the  same  (an  absence 
of  differentiating  action),  as  this  takes  place  with  respect  to  acids  of  the  same 
type  and  in  a  series  of  solvents  of  the  same  composition,  then  the  last  three 
terms  become  equal  to  zero  and  the  pK  value  is  linearly  dependent  on  l/D. 


Similarly  the  comparison  of  equation  (19)  with  the  equation  (arising  on 
the  basis  of  Bronsted's  equation) 


shows,  that  in  this  equation  as  in  Bronsted’s  basic  equation,  there  is  a  com¬ 
plete  disregard  for  the  change  in  the  activity  of  a  nondissociated  acid  during 
its  transferfhom  medium  to  medium,  the  solvation  of  ions,  and  the  originating 
association  of  ions.  In  connection  with  this,  the  equation  does  not  consider 
the  differentiating  action  of  the  solvents  on  the  acid  strength  and  the  limited 
applicability  only  during  the  examination  of  the  effect  of  solvents  of  the  same 
nature  on  acids  of  the  same  chemical  group. 

The  Differentiating  Action  of  a  Solvent 

In  our  previous  w^rks,  it  was  established  that  there  were  four  types  of 
differentiating  action  of  solvents  on  acid  strength.  The  proposed  treatment  of 
the  process  of  acid  dissociation  and  the  equation  developed  by  us  completely 
embrace  these  f  our  types  of  differentiating  action. 
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A:;  v;i:  established,  the  first  type  is  the  differentiating  action  of 
acidic  soivmts  on  the  strength  of  strong  acids.  From  equation  (17)  it 
follows  that  such  a  differentiating  action  develops  in  solvents  with  a  large 
value  for  thanks  to  which  the  first  term  of  the  equation  (17)  becomes 

distinct  from  zero,  even  during  the  dissociation  of  substances  with  a  large 
value,  that  is,  strong  acids.  During  this,  the  strong  acids  display  their  own 
individual  properties,  dependent  on  the  /<&£,) value. 

However  it  must  be  emphasized  that  the  differentiating  action  of  strong 
acids  is  observed  in  practice  only  when  their  dielectric  constants  are  not 
great.  Thus  acetic  acid  with  a  dielectric  constant  equal  to  6  displays  a  dif¬ 
ferentiating  action  while  formic  acid  with  a  dielecteic  constant  equal  to  57 
docs  not.  In  just  the  same  manner,  (mono) chloroacetic  acid  with  a  dielectric 
constant  equal  to  20  does  not  display  a  differentiating  action  while  trichlor¬ 
oacetic  acid  with  a  dielectric  constant  equal  to  4.55  differentiates  the  strength 
of  strong  a  cids  (23j.  It  is  obvious  that  with  acidic  solvents,  the  differen¬ 
tiating  action  is  connected  with  the  emergence  of  ion  association  in  solvents 
with  a  low  dielectri  c  constant. 

The  second  type  of  differentiating  action  i§  the  change  in  the  relative 
strength  of  acids  of  various  homologous  groups  KL2,  16]  under  the  influence  of 
any  solvents,  particularly  those  not  containing  riydroxyl  groups.  Ihen  trans¬ 
ferred  to  such  differentiating  solvents,  the  strength  of  acids  of  one  homolo¬ 
gous  group  changes  approximately  the  same  but  distinct  from  the  change  in 
strength  of  acids  from  another  homologous  group.  Such  an  action  appears  as  a 
result  of  the  fact  that  the  fc<  YC,'CA  and  /of  values  are  close  for  acids  of 

the  same  type  and  different  for  acids  of  a  different  type.  This  change  of  ion 
activity  in  acids  of  a  different  type  is  explained  by  the  various  solvation 
energies  of  ions,  ftscj and  a  different  change  of  activity  of  the  nondissociated 
molecules  -  with  the"  (/cfA  ^  -  LfA  ")  value  which  becomes  rather 

considerable  during  the  transfer  from  a  solvent  of  one  type  to  a  solvent  of  anot¬ 
her  type. 

The  third  type  is  the  differentiating  action  of  basic  solvents  with  a  low 
dielectric  constant.  The  value  of  this  differentiating  action  is  completely 
determined  by  the  difference  in  ion  association  and  ion  pairs  and  numerically 

determined  by  the  difference  in  the  ion  association  constants  (  k aa^)  • 

The  fourth  type  of  differentiating  action  we  call  the  changing  of  relative 
acid  strength  as  a  result  of  the  interaction  of  the  solvent  with  the  substituents 

in  the  acids  radical.  Such,  as  an  example,  is  the  influence  of  formalin  on- 

the  strength  of  amino  acids  in  connection  with  the  interaction  of  the  amino 
groups  with  formalin.  From  this  examination  of  the  effect  of  solvents,  it 
follows  that  this  differentiating  action  is  similar  to  the  differentiating 
action  of  the  second  type,  and  in  this  case  it  is  a  result  of  the  changing  of 
the  characteristic  acidity  of  a  substance  under  the  influence  of  the  interaction 
of  the  substance  with  the  solvent. 
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Conclusions 


i-rj  Acid  dissociation  in  solution  takes  place’  in  severe i  successive,  s tares „ 

In  the  first  stage  there  is  the  formation  of  an  addition  product  based  on  tin. 
reaction HA  1 »  /'M^n  »  in  the  second  stage,  the  formed  addition,  product, 

as  a  result  of  subsequent  solvation,  dissociates  with  the  formation  of  tho  sol¬ 
vated  ions  tty*  M  ^  M  |1  ^  (  i  *  ■*'n  mcc^a  with  a  low 

dielectric  constant  there  also  takes  place  an  association  of  ions  into  ion  pairs 

MHsti  l-AZ, 

The  usual  dissociation  constant  appears  as  the  function  of  the  constants  of 
all  the  specified  constants  (K*^  f  l)  f  ,  in  which  K 

is  tho  equilibrium  constant  for  the  first  process,  KV  for  the  second,  and 
for  the  third.  "  1 


2.  The  full  equation  brings  out  the  dependency  of  acid  strength  on  the  proper¬ 
ties  of  the  solvent: 
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according  to  which  the  strength  of  the  acid  is  determined  by  the  natural  acidity 
of  the  acid  H/\  ,  k  {i_  ,  its  change  under  the  influence  of  the  solvents k^with 

an  acidity  constant  {or  basicity)  l<  ,*.<>>)  of  tho  solvent,  a  dielectrio  constant 
h,  tne  energy  of  ion  soxvanon  ,  arm  me  vuj.uu  ox  cne  njei  usi  ion  association 

3.  An  equation  was  brought  out,  characterizing  the  change  of  acid  strength 
under  the  influence  of  the  solvents  (in  the  absence  of  ion  association) 

A  pK  =  f  %  <TkTv  (i~  -  |Td  )  + 


AS  A 


y^r  +  H  ~7$r  +  /<5J  mTTI)  c$  ak  .  ; 

X’A*'  *a\  &  Chit) 

in  which  K  r  is  the  constant  of  proton  exchange  between  the  molecules  of  a 

A 

nonaqueous  solvent  and  water,  is  the  molarity  of  the  solvent  in  lOOOg. 

The  developed  expression  can  be  described  by  the  equation  A  ^  tyY0  i„'~  ' 


^  c>i) 


This  equation  makes  it  possible  to  determine  the  change  of  acid  strength  during 
the  transfer  from  one  solvent  to  another,  from  independent  data. 


4,  On  the  basis  of  the  additivity  of  single  activity  coefficients  during  an 
infinite  dilution,  a  method  is  submitted  for  determining  the  activity  coeffic¬ 
ients  1 Q,  of  ions  of  weak  acid3,  stemming  from  the  activity  coefficients  "r^  of 
a  strong  acid  and  tho  salts  of  thi  s  strong  acid  and  the  corresponding  weak 
acid  with  one  and  tho  same  cation. 
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!•»  I  t  is  shown  that  Hronslod'  s  equation  charactori  zing  the  influence  of  tho 
solvent  on  the  strength  of  acids  is  a  particular  instance  of  the  equation 
brought  out  by  us. 

6.  On  the  basis  of  the  equation  that  is  developed,  there  are  comments  on  four 
typos  of  differentiating  actions  of  solvents,  which  were,  established  by  us 
earlier.  With  tho  help  of  this  equation  one  can  estimate  to  what  degree  the 
differentiating  action  of  the  solvents  depends  on  the  interaction  of  tho  sol¬ 
vent  with  the  nondissociated  molecules  and  ions  of  the  acid. 

The  A.M,  Gorkiy  State  Submitted 
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Figure  1.  Relation  of  A  f>  R  *  f  R to  ■’>  in  atlueous 

ethanol:  1  -  benzoic,  2  -  oh.loroacotic,  3  -  salicylic,  4  -  formic  acid} 

5  -  p  -  nitrophenol;  6  -•  2.4  -  dinit rophenol;  dotted  line  —  -3  /e<* 


Figure  2.  Relation  of  f  *#t<J  to  *  ,f%  ro  in  aqueous 

dioxanes  1  -  bonsoic,  2  -  propionic,  3  -  acetic,  4  -  formic,  5  -  /*£  yj 

of  hydrogen  chloride. 
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Figure  3.  the  r*  i».S  J.«n  of  Af>R  ~  0l  .  cc  .-s  (average  value) 

for  methanol,  ethanol  and  butae'-1  as  a  1  unction  to  ^  /c<£  .  1  -  aromatic 

carboxylic  acids,  2  -  aliphatic  carboxylic  acids,  3  -  phenols. 
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